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Background. Proximal tubule (PT) angiotensinogen (AGT)
is part of a tubular renin-angiotensin system (RAS) that partic-
ipates in the regulation of sodium reabsorption along the entire
nephron. Physiologic maneuvers affecting AGT expression in
PT also affect systemic RAS. Here, we tested the hypothesis
that PT AGT is regulated by increased glomerular filtration
rate (GFR).
Methods. Complete unilateral nephrectomy (UNX) in mice
was used to induce a sustained increase in GFR in the remain-
ing kidney. AGT expression was monitored by quantitative re-
verse transcription-polymerase chain reaction (RT-PCR). AGT
protein in PT was investigated by semiquantitative histology.
We also measured AGT concentration in plasma and in 24-
hour urine by a specific enzyme-linked immunosorbent assay
(ELISA).
Results. Seven weeks after nephrectomy, UNX animals exhib-
ited a 2-fold increase in tubular AGT mRNA (P <.001) com-
pared with sham-operated control animals. The proportion of
PT sections exhibiting AGT immunostaining was significantly
increased at day 3 (P <.05), and remained elevated at seven
weeks (UNX = 0.63 ± 0.09, sham = 0.38 ± 0.02, P <.01),
revealing recruitment of AGT-producing cells along the PT.
AGT excretion in final urine corrected for creatinine and kidney
weight was also elevated by UNX at seven weeks (UNX = 209 ±
42 pmol/mg/g, sham = 147 ± 29 pmol/mg/g, P <.05), with no
difference in plasma AGT between UNX and control animals.
Conclusion. These observations suggest that AGT expression
in PT adapts in the long-term to changes in GFR. In the UNX
model, urinary AGT excretion is also elevated as a consequence
of increase in net tubular flow.
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The renin-angiotensin system (RAS) participates in
the regulation of arterial pressure and electrolyte bal-
ance through the coordinated functions of both systemic
and tissue systems [1, 2]. In the kidney, a paracrine tubu-
lar RAS operates along the entire nephron and has been
directly implicated in sodium reabsorption [3]. Systemic
and tubular RAS are contiguous and overlap in part.
Systemic renin, because of its small size, is partially fil-
tered through the glomerular membrane. Angiotensino-
gen (AGT), with its larger molecular weight, escapes
filtration [4]. Observations supporting the hypothesis that
AGT expressed in proximal tubule (PT) [5, 6] is secreted
in luminal fluid [3] indicate that the action of filtered renin
of systemic origin on AGT secreted locally may be an im-
portant determinant of the high luminal concentration of
angiotensin II (Ang II) in this nephron segment [7, 8].
The action of Ang II at this site is a well-characterized
determinant of sodium reabsorption in PT [9].
The partition introduced by the glomerular membrane
between circulating AGT and the protein released by PT
in the ultrafiltrate would afford differential regulation of
AGT concentration in the two compartments. AGT ex-
pression in PT could be modulated by systemic stimuli
exerting their effects through the basolateral side, or by
local factors sensed at the luminal side of tubular epithe-
lium. With regard to the latter, local autoregulation would
be achieved if the filtered load had an effect on AGT ex-
pression in PT. We have shown that both dietary manip-
ulation and dehydration affect AGT expression in PT or
its urinary excretion rate [10], but such physiologic ma-
neuvers can affect both systemic and tubular parameters
in a complex manner. Complete unilateral nephrectomy
(UNX), however, can be used to induce a substantial and
sustained elevation of glomerular filtration of the order
of 40% to 100% [11–13] in the remaining kidney. Subse-
quent physiologic adaptations include elevated urinary
flow, tubular remodeling, and a gradual increase in tubu-
lar reabsorption [14].
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We found that AGT expression in PT is significantly in-
creased at both the protein and RNA levels in response
to UNX, with no concurrent changes of either renin or
AGT in the circulation. Renal excretion of AGT is also
increased, as observed in other maneuvers that elevate
urinary volume [10, 15]. These observations are consis-
tent with the hypothesis that the glomerular filtration rate
may be a significant long-term regulator of AGT expres-
sion in proximal tubule.
METHODS
Animal protocols
All experiments were performed under controlled
conditions of temperature and lighting in 10-week-
old C57BL/6 male mice (Charles River, Wilmington,
MA, USA). The animals were individually housed in
metabolic cages (Nalgene, Rochester, NY, USA) with
free access to water and standard diet (Purina, St. Louis,
MO, USA) for the entire length of the study. All proto-
cols were approved by the Institutional Animal Care and
Use Committee of the University of Utah.
Experimental design
Twelve mice were habituated to metabolic cages for
five days before the beginning of the study. After the ha-
bituation period, all animals were monitored for five days
to establish baseline parameters. Subsequently, six ani-
mals were subjected to UNX, whereas six animals were
sham operated. UNX was performed following standard
procedures. Briefly, the mice were anesthetized; the skin
and the muscular layers in the lumbar region were sec-
tioned, the kidney was exposed, the renal pedicle was
identified, ligated, sectioned, and the kidney removed
(UNX); or the kidney was exposed, gently manipulated,
and repositioned in its original location (sham). For both
UNX and sham, the peritoneum, muscular layers, and the
skin were reconstructed.
After the surgical intervention, the animals were moni-
tored for seven weeks. Body weight and water intake were
measured daily for the entire period. Twenty-four–hour
urine samples were collected and analyzed during the ha-
bituation period at day three and during week seven after
the surgical intervention. A 10-lL aliquot of the serine
protease inhibitor 4-(2-aminoethyl)-benzenesulfonyl flu-
oride (AEBSF 0.5 M; Fisher, Pittsburgh, PA, USA) was
added to the collecting tube to prevent protein degrada-
tion. Plasma was extracted from blood samples (20 lL)
obtained by tail snipping the day of the operation, three
days later, and at the end of the study period. Aliquots of
urine and plasma were frozen and stored at −80◦C.
At the end of the study period the animals were sac-
rificed and the kidneys removed and weighed. The re-
moved kidneys were hemidissected and either fixed in
10% formalin (Fisher) and used for morphologic, im-
munohistochemical studies, or snap-frozen and used for
expression studies.
An additional group of six animals (three UNX and
three sham) were used to monitor morphologic and im-
munohistochemical short-term changes. These animals
were subjected to the same protocol outlined above and
sacrificed at day three after the surgical intervention.
Assays of angiotensinogen
Total AGT in plasma or urine was measured by
enzyme-linked immunosorbent assay (ELISA). In brief,
microtiter plates were coated with purified recombi-
nant AGT. Samples or standards were added and incu-
bated with polyclonal antimouse AGT antibody. Bound
antibody was detected after reaction of horseradish
peroxidase–conjugated swine antirabbit IgG with 3-
amino-9-ethylcarbazol substrate (Sigma).
Measurement of plasma renin concentration
Plasma renin concentration was measured as the
amount of angiotensin I (Ang I) generated after incuba-
tion with excess AGT. Two microliters of plasma were in-
cubated for 20 minutes at 37◦C with excess porcine AGT
(4 lmol/L, Sigma) in a 10-lL reaction containing sodium
acetate (50 mmol/L, pH 6.5), AEBSF (2.5 mmol/L), 8-
hydroxyquinoline (1 mmol/L), and EDTA (5 mmol/L).
The reaction was stopped by boiling, and the generation
of Ang I was measured using an indirect radioimmunoas-
say (NEN-DuPont, Boston, MA, USA).
Measurement of sodium concentration
Urinary sodium was measured by atomic absorp-
tion (Perkin-Elmer, Model 2380; Norwalk, CT, USA).
Samples were diluted in deionized water (1:5000). All
dilutions were performed in duplicate, and each sodium
measurement consisted of the average of 3 consecutive
readings.
Measurements of creatinine
Plasma and urinary creatinine were measured using a
commercial kit (Sigma) based on a modified Jaffe´’s re-
action. Plasma was assayed with no prior dilution; urine
samples were assayed after a 1:10 dilution. Each measure-
ment was performed in duplicate and averaged. Plasma
creatinine concentration was express in mg/dL.
Immunohistochemistry
Tissue sections (5 lm) were prepared from formalin-
fixed, paraffin-embedded kidneys. Immunostaining of
AGT was performed as previously described [3]. The
biotinylated secondary antibody was detected with
streptavidin conjugated with alkaline phosphatase, and
visualized with NBT/BCIP (AEC, Sigma). The sections
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were counterstained with periodic-acid Schiff (PAS) and
hematoxylin. To quantitatively assess AGT in PT, five
fields adjacent to the renal capsule were randomly se-
lected. The ratio of PT sections staining for AGT in these
fields over the total number of PT sections was deter-
mined. PT sections were readily identified based on the
pink PAS counterstaining of their brush border mem-
branes. At the same time, an indirect assessment of the di-
ameter of the PT was performed by counting the number
of PT sections per microscopic field; the average PT diam-
eter is inversely correlated with the number of PT sections
per microscopic field (observation unit). The scoring was
performed and averaged by two independent investiga-
tors blinded to the experimental conditions.
Quantitative analysis of mRNA
Total RNA was extracted from frozen tissues using
Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA
was prepared in accordance to the manufacturer’s recom-
mendations from 1 lg RNA aliquots using SuperScript
II reverse transcriptase (Invitrogen). From each cDNA
reaction, real-time quantitative reverse transcription-
polymerase chain reaction (RT-PCR) was run for both
AGT and GAPDH. Dilutions of stock-purified PCR
products of AGT and GAPDH were used in parallel
to generate standard curves. Concentrations of test sam-
ples were estimated by reference to the standard curves.
All PCR reactions were performed in triplicate and the
results averaged. After averaging of triplicate measure-
ments, the ratio of AGT to GAPDH concentrations was
calculated for each kidney RNA sample.
Real-time quantitative RT-PCR analysis was per-
formed by monitoring the fluorescence of SYBR Green
(Molecular Probes, Eugene, OR, USA) intercalating into
generated double-stranded PCR amplification products,
using the ABI PRISM 7700 detection system (Perkin
Elmer Applied Biosystems, Foster City, CA, USA).
Oligonucleotide primers were designed to span at least
one intron, and to minimize primer-dimer formation [10].
After the analysis, samples were subjected to agarose gel
electrophoresis to verify specific amplification and the
absence of primer-dimer formation.
Statistical analyses
Individual values are presented as daily or weekly av-
erages for urinary measurements, and as daily averages
for plasma measurements (mean ± standard error of the
means, or SEM). Group means were compared by Stu-
dent t test. Quantitative measurements of AGT mRNA
required multiple experiments. Because significant vari-
ation occurred among experiments, the test of an effect
of UNX was performed through a two-way analysis of
variance (ANOVA), taking jointly into account inter-
vention (UNX versus sham operation) and experiment.
ANOVA and covariance was also used to test the depen-
dency of urinary AGT excretion on both UNX and AGT
expression in PT. All statistical analyses were performed
with the software package SPSS version 9.0 (SPSS, Inc.,
Chicago, IL, USA).
RESULTS
A mouse model of UNX was used to induce long-term
elevation in glomerular filtration rate in the remaining
kidney, and to test its potential effects on PT AGT ex-
pression and urinary AGT excretion. Male C57BL/6 mice
were monitored for five days to establish baseline param-
eters, subjected to UNX or sham operation, and placed
under observation for seven weeks after surgery. PT AGT
protein and RNA levels were measured after the inter-
vention, and the extent of their correlation with AGT
urinary excretion, AGT plasma concentration, and over-
all anatomic and physiologic parameters was examined.
Anatomic and biochemical parameters
Mean body weight of the animals increased through-
out the entire study period, without significant differ-
ence between groups (Fig. 1A). Water intake and diuresis
(Fig. 1B) were significantly increased in response to UNX
compared to sham operation. Because of the significant
differences in diuresis, all subsequent urinary parameters
were adjusted relative to creatinine excretion to avoid
possible bias caused by differential urine recovery. This
adjustment was valid because plasma creatinine concen-
trations did not change significantly after UNX (UNX =
0.37 ± 0.02 mg/dL, sham = 0.32 ± 0.05 mg/dL; P = NS).
Sodium excretion, expressed relative to creatinine excre-
tion, was not significantly affected by UNX (Fig. 1C).
At the end of the observation period, the weights of the
kidneys of UNX and sham-operated animals were mea-
sured. The mean weight of the remaining kidney of UNX
animals was 30% larger than the mean kidney weight
of sham animals (UNX = 0.28 ± 0.05 g, sham = 0.21 ±
0.01 g; P <.001) (Fig. 1D). This increase was correlated
histologically with a difference in the diameter of the
tubules, as reflected in the reduced number of PT sec-
tions observed per unit field. The difference was not sig-
nificant after three days (UNX = 110 ± 20, sham = 121 ±
27, P = NS) (Fig. 1E), but became highly significant seven
weeks after UNX (UNX = 81 ± 2, sham = 116 ± 16,
P <.01) (Fig. 1F), when compensatory adaptation had
fully developed.
Intrarenal AGT expression
Tissue AGT levels were measured by semiquantita-
tive histology and by quantitative real time RT-PCR.
Using semiquantitative immunohistochemistry, by mea-
suring the proportion of PT sections exhibiting AGT
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Fig. 1. Anatomical and biochemical parameters. Animals body weight (A), diuresis (B), urinary sodium excretion adjusted for creatinine (C),
kidney weights (D), and PT size scoring at day 3 (E), and week 7 (F) post UNX in UNX (N = 6; black), and sham-operated animals (N = 6; white).
PT, proximal tubule; UNX, unilateral nephrectomy.
immunostaining per microscopic field, a 1.4-fold increase
of immunoreactive AGT was observed at day three in the
kidneys of UNX animals (UNX = 0.42 ± 0.04, sham =
0.30 ± 0.06, P <.05) (Fig. 2A-C). At seven weeks the in-
crease was 1.7-fold (UNX = 0.63 ± 0.09, sham = 0.38 ±
0.02, P <.01) (Fig. 2D-F).
Measurement of AGT mRNA by quantitative real-
time RT-PCR revealed substantial interassay variation.
Consequently, four independent experiments were per-
formed. For each experiment, an aliquot of total kidney
RNA (1 lg) from each animal and the necessary stan-
dards were subjected to the protocol described in Meth-
ods. The resulting estimates of AGT expression relative
to GAPDH were subjected to a two-way ANOVA, which
included two fixed factors with two and four modalities,
respectively: UNX versus sham operation, and the ex-
periment number. Analysis of the untransformed data
revealed that both factors were significant (Table 1), with
AGT expression twice as high in UNX as in sham con-
trol animals (F1,37 = 6.90, P = .012). Levene’s test of
homogeneity of the residual variance across all modali-
ties of the factors, however, was significant (F7,34 = 3.95,
P = .003). This was an indication that the assumption of
normality on the distribution of the residuals was not sat-
isfied. A linear relationship between mean and standard
deviations confirmed the need for a logarithmic trans-
formation. Consequently, the analysis was repeated af-
ter such transformation was applied to the dependent
variable AGT expression (Table 1). Levene’s test was
no longer significant (F7,34 = 1.28, P = .29), indicating
that the assumptions of the model were fulfilled. In this
logarithmic scale, the difference in expression levels be-
tween UNX and sham control animals was 1.3-fold and
highly significant (F1,37 = 18.37, P = .00012), with similar
standard deviations among experiments. On the original
scale, this corresponds to a 2-fold difference in AGT ex-
pression between UNX and sham-operated control ani-
mals after adjustment for GAPDH mRNA. Despite the
significant variation noted among experiments, largely
dependent on the handling of very dilute solutions of
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Fig. 2. Assessment of AGT in the kidneys of UNX (black) and sham-operated (white) animals. Representative AGT immunostaining 3 days’ post
UNX (A) and post sham operation (B). The mean semiquantitative score at this time point (C) (N = 3 for each group) indicates a 1.4-fold increase
in PT staining for AGT in UNX (UNX = 0.42 ± 0.04, sham = 0.30 ± 0.06; P <.05). Representative AGT immunostaining 7 weeks’ post UNX (D)
and post sham operation (E). The mean semiquantitative score at this time point (F) (N = 3 for each group) shows a 1.7-fold increase in PT staining
for AGT in UNX (UNX = 0.63 ± 0.09, sham = 0.38 ± 0.02; P <.01). AGT expression by quantitative real time RT-PCR 7 weeks after UNX and
sham operation (G) (N = 6 for each group). AGT expression relative to GAPDH is presented after log transformation and standardization. A
1.3-fold difference (P <.001) is observed on this logarithmic scale, equivalent to a 2-fold difference on a linear scale. AGT, angiotensinogen; UNX,
unilateral nephrectomy; PT, proximal tubule; RT-PCR, reverse-transcription-polymerase chain reaction.
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Table 1. Analysis of variance of AGT expression in PT
Source of variation Mean SD Df F P value
Untransformed data
UNX 0.152 0.154 1 6.896 .012
Sham 0.071 0.058
Experiment 3 9.870 .000
Error 37
After logarithmic transformation of AGT expression
UNX −1.020 0.441 1 18.373 .000
Sham −1.330 0.439
Experiment 3 47.667 .000
Error 37
Abbreviations are: SD, corresponding standard deviation; df, degrees of free-
dom; F, F-ratio; P value, significance level. Mean: estimate of mean AGT ex-
pression in PT after taking into account the effect of experiment in the two-way
analysis of variance.
SYBR Green, mean AGT expression was consistently
higher in UNX than in sham control animals in every
experiment (data not shown).
Urinary AGT
Urinary excretion of AGT, expressed relative to cre-
atinine excretion, decreased significantly from baseline
in both UNX and sham animals at day three follow-
ing the surgical intervention (P = .02), but returned to
baseline (P = NS) seven weeks’ post operation, with no
significant difference between UNX and sham animals
at any observation point (Fig. 3A). When AGT excre-
tion was expressed relative to the total renal mass, how-
ever, a significant difference was observed between UNX
and sham-operated animals three days’ (UNX = 137 ±
111 pmol/mg/g, sham = 53 ± 17 pmol/mg/g, P <.05)
(Fig. 3B), as well as seven weeks’ post-intervention
(UNX = 209 ± 42 pmol/mg/g, sham = 147 ± 29 pmol/
mg/g, P <.05) (Fig. 3B). Furthermore, this variable exhib-
ited a correlation with the mean AGT expression among
experiments that approached significance (P = .062).
When both UNX and AGT expression were jointly con-
sidered in the analysis of urinary AGT excretion, AGT
expression exhibited no residual correlation with AGT
excretion (data not shown).
Plasma AGT and renin
To monitor potential systemic changes associated with
UNX or sham operation, total plasma AGT concen-
tration was measured in both groups of animals. The
measurements were performed at baseline before surgi-
cal intervention, three days after surgery, and at the end
of the study period. Three days after the surgical inter-
vention plasma AGT was increased compared to baseline
in both UNX and sham animals. Plasma AGT concentra-
tions measured at the end of the study were similar to
those observed before the surgical intervention. No dif-
ference was noted between groups at any observation
point (Fig. 3C). Likewise, there was no significant differ-
ence in plasma renin concentration (PRC) between UNX
and sham at these observation points (data not shown).
DISCUSSION
Because most of the glomerular ultrafiltrate is reab-
sorbed in bulk in the proximal tubule, expression of AGT
in PT could be of strategic significance in the homeostasis
of circulating fluid volume. It has been shown that Ang
II stimulates sodium reabsorption in PT when applied to
either basolateral or luminal compartments, with noted
differences in the dose-response relationship on the two
sides of the epithelium [9, 16–19]. There is also experi-
mental evidence that, under normal physiologic condi-
tions, the luminal concentration of Ang II exceeds that
of plasma by at least two orders of magnitude [7, 20],
which can only be achieved by local production of the
hormone. It follows that AGT expression in PT may ful-
fill two physiologic functions: (1) local amplification of
a systemic signal; and (2) regulation by locally produced
physiologic stimuli.
Various maneuvers that activate the systemic RAS,
whether physiologic such as volume depletion [10], or
pharmacologic such as Ang II infusion [21–23], also up-
regulate AGT expression in PT. In this context, the pri-
mary stimulus for AGT expression may be elevation of
circulating Ang II, and increased PT expression of AGT
could indeed provide signal amplification to enhance bulk
sodium reabsorption.
Expression of AGT in the epithelium of the initial seg-
ment of the nephron would also afford its regulation by
local factors that affect primarily tubular function. The
most significant local factor may be the amount of fluid fil-
tered through the glomerular membrane. UNX can serve
as an experimental model of long-term elevation of the
glomerular filtration rate [11, 12]. In the present study,
we found that UNX leads to chronic elevation of AGT
expression in PT in the absence of systemic RAS acti-
vation. The increase in AGT expression was noted as
early as three days after UNX, when it was examined
by immunohistochemistry (Fig. 2A-C); this increase pre-
ceded the establishment of compensatory hypertrophy
(Fig. 1E). It remained significant seven weeks’ post inter-
vention. The immunostaining revealed that this increase
occurred primarily by recruitment of PT cells expressing
AGT, rather than a net increase in the amount of AGT
expressed by a fixed set of cells. AGT mRNA, assayed
at seven weeks relative to GAPDH, exhibited a 2-fold
increase in UNX compared to sham animals.
This increase in AGT mRNA compared to GAPDH
internal control and the early increase observed in AGT
immunostaining in the absence of systemic RAS activa-
tion, suggest that the initiating event of increased GFR,
rather than the subsequent compensatory hypertrophy,
may account for increased AGT expression in this model.
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Fig. 3. Urinary AGT excretion and plasma
AGT concentration. Urinary AGT excretion
adjusted for creatinine (A), urinary AGT ad-
justed for creatinine and total renal mass (B),
and plasma AGT concentration (C) before,
during the first 3 days, and 7 weeks’ post sur-
gical intervention in UNX (N = 6; black) and
sham-operated animals (N = 6; white). AGT,
angiotensinogen; UNX, unilateral nephrec-
tomy.
The filtered load may be an important local determinant
of the regulation of AGT expression in PT. The under-
lying mechanism involved remains to be characterized.
Either stretch or direct sensing of tubular flow may be in-
volved. Several reports document up-regulation of AGT
expression by stretch in either cardiac myocytes [24] or
mesangial cells [25]. There is also experimental evidence
that the apical portion of the microvilli of epithelial cells
of proximal tubule can sense changes in laminar flow [26,
27].
The present study also reveals that urinary AGT ex-
cretion per unit kidney weight is increased in UNX
(Fig. 3B). This increase may be a direct consequence of
the chronic increase in GFR in this experimental model.
Alternately, because it parallels increased urine volume,
it may be a consequence of net increase in tubular flow.
In previous work, we have found that urinary excre-
tion of AGT correlated positively with dietary sodium,
but negatively with plasma renin concentration [10]. To-
gether with our present observations, these data suggest
that urinary excretion of AGT reflects net tubular flow,
rather than systemic RAS activity or GFR. Indeed, our
analysis shows that whereas AGT excretion, expressed
per kidney weight, is significantly associated with UNX
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(Fig. 3B), it exhibits no significant additional dependence
on AGT expression once UNX is taken into account.
The measurements on the third day after surgery pro-
vide some additional insight regarding the origin and
significance of urinary angiotensinogen. The increase in
systemic AGT concentration observed in sham animals is
not reflected by urinary AGT excretion, which is actually
significantly decreased (Fig. 3). This observation confirms
that urinary AGT excretion reflects intrarenal produc-
tion rather than its concentration in the circulation. The
measurements on day three post UNX also strengthen
the conclusion regarding the correlation between urinary
AGT excretion and net tubular flow. At this time point, in
the setting of increased tubular flow, there is an increase in
urinary AGT excretion per unit kidney weight, although
there is only a partial increase in proximal tubule protein
level.
CONCLUSION
Our observations suggest that, in addition to systemic
stimuli, local factors may also participate in the regula-
tion of AGT expression in PT in the long term. One such
factor may be the total amount of fluid filtered through
the glomerular membrane, as reflected in the glomerular
filtration rate. This implies a local sensing mechanism that
would afford physiologic adaptation of proximal tubule
when its reabsorbing potential is challenged. AGT ex-
pression at this site may serve as a probe to identify the
molecular mechanisms involved in this regulation.
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